ABSTRACT: Continuous culture and in vivo experiments were conducted to measure changes in ruminal fermentation and animal performance when crude glycerol was added to diets. For the continuous culture experiment (n = 6), diets consisted of 4 levels of crude glycerol (0, 5, 10, and 20%) that replaced corn grain. Dry matter and OM digestibility decreased linearly (P < 0.05) when crude glycerol increased in the diet, and no effect (P = 0.20 and 0.65, respectively) was observed for CP and NDF digestibility. Total VFA concentration and ammonia did not change (P > 0.05) due to crude glycerol level. Microbial efficiency increased quadratically (P = 0.012) as crude glycerol increased, whereas microbial N flow did not differ (P = 0.36) among treatments. As crude glycerol increased in the diet, crude glycerol digestibility decreased (P < 0.05). Seventy-two crossbred steer calves (250 ± 2.0 kg) were assigned to 4 treatments: 0, 5, 10, and 20% crude glycerol that replaced corn grain. Animals were fed for a total of 150 d. No differences (P = 0.08) between treatments were measured for DMI. Average daily gain and GF responded quadratically (P < 0.05), with 10% crude glycerol resulting in the greatest values. In the second in vivo experiment, 100 crossbred steer calves (300 ± 2.0 kg) were assigned to 5 treatments: 0, 5, 10, 12.5, or 15% crude glycerol replaced corn grain. Calves were fed for a total of 135 d. No significant differences (P > 0.05) were measured in growth performance. For Exp. 3, one hundred heifer calves (270 ± 2.0 kg) were assigned to 4 treatments: 0, 5, 10, or 20% crude glycerol that replaced hay. No differences (P > 0.05) were measured in animal performance. We concluded that crude glycerol addition to a diet did not negatively affect ruminal fermentation, and addition of up to 20% in concentrate and hay-based diets should not affect performance or carcass characteristics.
INTRODUCTION
Biodiesel is produced through transesterification of triglycerides with the use of methanol, resulting in methyl-esters of fatty acids and glycerol (Ma and Hanna, 1999) . Glycerol, an alcohol, is suitable for animal consumption, and its use is mainly limited by its fat and methanol concentration (Elam et al., 2008) .
It has previously been reported that feeding crude glycerol had no effect (Mach et al., 2009) or decreased (Pyatt et al., 2007; Parsons et al., 2009 ) DMI when fed to beef cattle. In addition, the effect of crude glycerol on ADG or on cattle performance has been variable. As dietary crude glycerol increased, ADG either did not change (Mach et al., 2009) or responded quadratically (Parsons et al., 2009 ).
Digestibility of crude glycerol was reported to be 80% after 24 h of incubation in vitro (Trabue et al., 2007) , 90% after 2 h of fermentation (Bergner et al., 1995) , and 100% within 4 h in vivo (Remond et al., 1993) . Therefore, crude glycerol addition to a diet would be expected to increase VFA in the rumen. However, reported responses have been contradictory. Total VFA production has been reported to be increased (Bergner et al., 1995) or unchanged (Mach et al., 2009) due to crude glycerol addition in the diet.
Researchers reported that 35 to 69% of the crude glycerol administered was used to produce propionate (Remond et al., 1993) . If crude glycerol increased propionate concentration, an increased GF would be expected (Hungate, 1966; Raun et al., 1976) . However, GF responses have been contradictory. Feed efficiency was not different (Mach et al., 2009) or improved (Pyatt et al., 2007) when crude glycerol was fed.
We hypothesized that crude glycerol is less fermented than corn starch, and this should be translated in animal performance. Therefore, the objective of this re-search was to determine the effects of crude glycerol on ruminal fermentation characteristics and beef cattle performance.
MATERIALS AND METHODS
All the experiments were conducted at the University of Missouri-Columbia campus. The use of animals in experiments was approved by the University of Missouri Animal Care and Use Committee. All crude glycerol used in these studies reported analyzed maximum values of 7% NaCl and 0.015% methanol.
Continuous Culture
A single-flow continuous culture system with twentyfour 2-L fermenters was used. Fermenters were kept in a water bath (39°C) heated by a thermostatically controlled heater (model 730, Fisher Scientific, Pittsburgh, PA) and continually stirred. Each treatment was replicated in 6 fermenters. The fermenter was a polycarbonate jar with an outflow volume of 1,460 mL. Buffer solution (MacDougall, 1948) was pumped into the fermenters by a peristaltic pump (Masterflex model 7520-10, Cole-Parmer Instrument Co., Chicago, IL) at a rate of 6%/h. Rumen contents were obtained from a fistulated Holstein cow fed a diet of 80% bromegrass hay and 20% concentrate. After being strained through 2 layers of cheesecloth, 1,460 mL of ruminal fluid was added to each fermenter. Fermenters were fed 50 g of DM daily (Table 1) , split into 2 meals at 0800 and 2000 h. Carbon dioxide gas was continuously flushed to the fermenters. The first 5 d were used as an adaptation period, and the last 3 d as a sampling period. During each day of the sampling period, 7 mL of fermenter content was collected, pooled, and stored at 4°C for later analyses.
Effluent was collected daily using plastic graduated cylinders (Fisher Scientific, Hampton, Rockingham, NH), which were kept immersed in ice. Total volume of effluent was recorded daily during the sampling period, and after 30 s of shaking the effluent container, 1,000 mL was poured into a plastic container (Fisher Scientific) and stored at 4°C. Seven milliliters was sampled daily from the liquid effluent for the last 3 d and stored at 4°C for crude glycerol analysis (kit FG0100, Sigma, Saint Louis, MO).
To isolate bacteria at the termination of each period, the content of the fermenters was blended (model 34BL22, Waring, New Hartford, CT) for 1 min to promote the release of attached microorganisms from feed particles. Blended material was strained through 4 layers of cheesecloth; fluid fraction was centrifuged at 1,000 × g for 5 min at 4°C and feed particles discarded. Supernatant fluid was recentrifuged at 20,000 × g for 20 min at 4°C. The pellets containing bacteria and protozoa were stored at 4°C until analyses.
Samples of diet (Table 2) , isolated microorganisms, and effluent residues (collected during the last 3 d of the experiment and combined in 1 single sample) were analyzed for DM, OM, and ether extract (AOAC, 1984) , and N content (model FP-428, Leco Co., St. Jo- Values presented are least squares means; ADMD = apparent DM digestibility; TDMD = true DM digestibility; AOMD = apparent OM digestibility; TOMD = true OM digestibility; CPD = CP digestibility; NDFD = NDF digestibility; MOEFF = microbial efficiency (g of bacterial N/kg of truly digested OM). seph, MI; AOAC, 1984). Fiber was analyzed (Ankom Technology, Macedon, NY) for NDF (Ankom method 13) and ADF (Ankom method 12), and both results were expressed with ash (Goering and Van Soest, 1970; AOAC, 1984) .
Isolated microorganisms and effluent residues were analyzed for RNA content (Zinn and Owens, 1986) . Microbial N of effluent residues was calculated from the RNA-to-N ratio of isolated microorganisms in conjunction with RNA content of the effluent residues (percentage of bacterial N in effluent = {[(purine in effluent × N in fermenter)/purine in fermenter] × 100}). Microbial efficiency was expressed as grams of microbial N flowing from fermenters per kilogram of OM truly digested.
True digestibility of DM, OM, CP, NDF, and ADF was calculated as the difference between DM, OM, CP, NDF, and ADF fed to fermenters and effluent residue concentration corrected for microbial contribution (for digestible DM, OM, and CP; Slyter, 1990) . Ammonia, pH, and VFA fermenters were sampled during the final 3 d of the experiment at 1200 h. The pH of fermenter content was determined by placing a glass-electrode pH meter into the fermenter. Ammonia concentration of the fermenter contents was determined with a hypochlorite-phenol procedure (Broderick and Kang, 1980) using a DU-50 spectrophotometer (Beckman, Palo Alto, CA). The VFA concentration was determined using gas chromatography model 3400 (Varian, Walnut Creek, CA; Grigsby et al., 1992) .
Animal Growth Performance
For Exp. 1, 72 crossbred steer calves (312 ± 12.7 kg) were assigned to 4 treatments: 0, 5, 10, and 20% crude glycerol replacing corn grain (Table 3) . Animals were randomly assigned to 3 pens per treatment and 6 animals per pen. Animals were fed for a total of 150 d. Experiment 2 had 100 crossbred steer calves (357 ± 9.3 kg) that were assigned to 5 treatments: 0, 5, 10, 12.5, or 15% crude glycerol replacing corn grain (Table 4) . Calves were randomly assigned to 4 pens per treatment and 5 animals per pen. Calves were fed for a total of 135 d. Experiment 3 had 96 heifer calves (347 ± 7.0 kg) that were assigned to 4 treatments: 0, 5, 10, or 20% crude glycerol replacing hay (Table 5) . Animals were randomly assigned to 4 pens per treatment and 6 animals per pen. Calves were fed for a total of 170 d.
After arrival at the research facility, cattle were vaccinated against Moraxella bovis and boostered for clostridial diseases (Vision 20/20 Inc., Intervet, Millsboro, DE), administered intramuscularly for local immunization against infectious bovine rhinotracheitis and parainfluenza 3 (Nasalgen, Schering-Plough, Kenilworth, NJ), Ivermectin was topically administered (Eprinex, Merial, Duluth, GA) to control internal and external parasites, and steers were implanted (40 mg of trenbolone acetate and 8 mg of estradiol; Revalor G, Intervet Inc., Millsboro, DE; Exp. 1 and 2).
After a 10-d receiving period, calves were weighed on 2 consecutive days and randomly assigned to treatment and pen. In Exp. 1, calves were fed after a cleanbunk protocol, allowed ad libitum access to water, and housed in concrete-floored pens with a roof covering approximately one-third of the pen. Sawdust was used as bedding material. Pen served as the unit of observation. In Exp. 2 and 3, calves were housed in open pens and fed in the GrowSafe Feed Intake System (Airdrie, Alberta, Canada). Individual intake was measured, and individual served as the unit of observation.
All diet samples were analyzed for DM, OM, ether extract (AOAC, 1984) , N (model FP-428, Leco Co., St. Joseph, MI), and NDF and ADF (Goering and Van Soest, 1970; AOAC 1984) . Liquid crude glycerol was pumped from a storage tank to a feed truck mixer (Kuhn North America, Brodhead, WI) after all other ingredients were added. All diets contained monensin (Elanco Animal Health, Greenfield, IN). Animals were weighed on 2 consecutive days at initiation and ap- Supplement consisted of 30.0% calcium carbonate, 13.6% potassium chloride, 4.0% sodium chloride, 1% mineral premix (10% Fe, 10% Mn, 2% Cu, 500 mg/kg of Co, 1,000 mg/kg of I, and 1,500 mg/kg of Se), 1% vitamin premix (4,000,000 IU of A, 800,000 IU of D, and 1,200 IU of E), and 0.4% Rumensin-80 (Elanco Animal Health, Greenfield, IN), and 50% corn. 
Statistical Analysis
Continuous culture data were analyzed as a completely random design using PROC MIXED (SAS Inst. Inc., Cary, NC). Treatment was a fixed effect, and fermenter was a random effect. Mean comparisons were adjusted by Dunnett with P-values less than or equal to 0.05 considered significant, and values less than or equal to 0.10 were considered tendencies. For feedlot experiments, data were analyzed as a completely random design using the PROC MIXED procedure of SAS. Pen was a fixed effect. Mean comparisons were adjusted by Dunnett. For all variables, P-values less than or equal to 0.05 were declared significant, and values less than or equal to 0.10 were considered tendencies.
RESULTS

Continuous Culture System
Apparent and true DM digestibility (ADMD) decreased linearly (P < 0.05) when dietary crude glycerol increased from 0 to 20% with the greater inclusions of crude glycerol being less than low crude glycerol treatments (P < 0.05; Table 1 ). Both apparent OM digestibility (AOMD) and true OM digestibility (TOMD) were less (P < 0.05) for the 20% crude glycerol diet than other treatments, with AOMD responding quadratically and TOMD linearly to crude glycerol addition. No significant difference was measured for CP (P = 0.20) and NDF (P = 0.65) digestibility.
The pH decreased linearly (P = 0.039) as crude glycerol content increased (Table 1) . No significant (P > 0.10) difference was measured for ammonia and total VFA. Molar percentage of acetate and iso-butyrate decreased linearly (P < 0.05) and propionate and valerate increased linearly with increasing dietary crude glycerol. The 20% crude glycerol had the greatest (P < 0.05) value for valerate as compared with other treatments.
Microbial efficiency (MOEFF), measured as grams of bacterial N per kilogram of OM truly digested, was greater (P < 0.05) for 20% crude glycerol compared with the other treatments and responded quadratically (P = 0.012) as dietary glycerol increased (Table 1) . Microbial N production was not different (P = 0.36) between treatments. Crude glycerol digestibility was more than 80% for all treatments, with a linear decrease in digestibility as the amount of crude glycerol increased in the diet (Figure 1 ).
Feedlot Experiments
In Exp. 1 there was a linear decrease (P = 0.027) in DMI with increasing dietary crude glycerol (Table 6 ). Both ADG and feed efficiency responded quadratically (P < 0.05) to increasing crude glycerol. In Exp. 2 and 3, no significant differences (P > 0.10) were measured for performance variables (Tables 7 and 8 ).
DISCUSSION
Continuous Culture Experiment
Based on decreased DM digestibility and unchanged CP and NDF digestibility measured in the continuous culture, we concluded that crude glycerol was less fermentable than cornstarch. One possible explanation for Figure 1 . Effect of glycerol inclusion in the diet on glycerol digestibility during the continuous culture experiment. n = 6; P < 0.001 for linear effect; P < 0.001 for quadratic effect. reduced TOMD was decreased pH when crude glycerol was increased in the diet. Lower pH during fermentation will reduce starch digestibility (Orskov, 1986) . Others reported a decreased pH when crude glycerol replaced starch. When high-concentrate diets containing 0, 4, 8, and 12% crude glycerol were fed to bulls, ruminal pH displayed its least value at 8% crude glycerol (Mach et al., 2009) . Ruminally fistulated bulls fed a grain-based diet had a reduced ruminal pH when 200 g of crude glycerol was infused into the rumen for 6 d (Kijora et al., 1998) . Contrary to these experiments, no differences were reported in pH when crude glycerol replaced cornstarch for dairy cows (DeFrain et al., 2004) . Our experiment measured a linear decrease in pH as crude glycerol increased, but the change was only 0.3 units with the lowest pH at 6.0. During the continuous culture experiment, we did not find any differences in total VFA concentration. Dry matter and OM digestibility was decreased as crude glycerol content increased without an effect on CP or NDF digestibility. This led us to conclude that ruminal fermentation of crude glycerol to VFA is less extensive than starch. It has been reported that total VFA production will not change with addition of crude glycerol in the diet. Total VFA content was not different in bulls receiving diets containing up to 12% crude glycerol (Mach et al., 2009) , and no significant difference was seen when crude glycerol replaced corn starch for dairy cows (DeFrain et al., 2004) .
There was a shift in VFA content with addition of crude glycerol in the continuous culture experiment. Propionate increased and acetate decreased when crude glycerol was fermented compared with starch. A shift in acetate to propionate has been reported when pH decreased (Orskov, 1986) , as was the case in continuous culture. Propionate was increased and acetate decreased when feeding crude glycerol with high-concentrate diets (Drouillard, 2008) . In addition, propionate was greater than acetate for dairy cows receiving crude glycerol instead of corn (DeFrain et al., 2004) . Propionate increased and was the source of most carbon from crude glycerol in an in vitro study (Bergner et al., 1995) . Increased propionate was also measured by researchers who reported a range of 35 to 69% of carbon from propionate originating from crude glycerol that was fed (Remond et al., 1993) . However, no changes in acetate-to-propionate ratio were reported (Mach et al., 2009) . The influence of pH on acetate-to-propionate ratio could be reasoned for the continuous culture response. Those results led us to conclude that crude glycerol is selectively used by microbes for propionate rather than acetate production.
In this experiment, a change in ammonia production was not measured as crude glycerol in the diet increased, which concurs with research that reported ammonia production was not different when crude glycerol replaced cornstarch in diets of dairy cows (DeFrain et al., 2004) . Microbial efficiency reached its greatest value with 20% crude glycerol in the diet, and a search of the literature did not return any reported MOEFF effects with addition of crude glycerol to diets. The increase in MOEFF that happened in this experiment was due to decreased OM digestibility without any change in microbial N production. We believe this further supports our conclusion of selective fermentation of crude glycerol in a ruminal culture. Crude glycerol digestibility decreased linearly with increasing crude glycerol, but for all treatments, crude glycerol digestibility was at least 80%. Bergner et al. (1995) replaced corn with crude glycerol (from 5 to 50%) and reported 90% disappearance of crude glycerol in the first 2 h of fermentation (when crude glycerol replaced 5% corn). Another experiment reported only 20% of crude glycerol added to the diet remained after 24 h of fermentation (Trabue et al., 2007) . These reported results agree with our findings.
Animal Experiments
In Exp. 1, DMI decreased linearly as crude glycerol increased. No effect of crude glycerol was measured in Exp. 2 and 3 for DMI. The DMI reduction due to crude glycerol addition has been previously reported. There was a quadratic response in DMI when crude glycerol was increased from 0 to 16% of a diet fed to heifers, and was statistically less for crude glycerol added compared with no crude glycerol added in diets (Parsons et al., 2009) . When crude glycerol replaced 10% of corn in a diet for steers, DMI decreased (Pyatt et al., 2007) . When crude glycerol was added to high-concentrate diets fed to feedlot animals, DMI decreased (Elam et al., 2008) . Other researchers have reported no difference in DMI due to crude glycerol inclusion in the diet. When dairy cows were fed diets containing 0, 5, 10, and 15% crude glycerol (Donkin et al., 2007) , no difference in DMI occurred, and Mach et al. (2009) did not measure any difference in DMI when bulls were fed diets with increasing crude glycerol up to 12% of diet. Explanation for our results could be that DMI influence occurs between 10 and 20% glycerol in the diet, which would tend to agree with the literature. In addition, the small number of experimental unit for the first animal experiment and differences in composition of glycerol used on others studies could be another factor that contributed to disagreement between our data and published ones.
The greatest value for ADG was achieved when crude glycerol was added at 10% of the diet in Exp. 1, and no differences were reported in Exp. 2 and 3. There was no difference in ADG when crude glycerol was added at 4, 8, and 12% in diets of bulls (Mach et al., 2009 ), although Parsons et al. (2009) reported a quadratic effect with addition of crude glycerol in the diet with 2% crude glycerol resulting in the greatest ADG. Gain-tofeed followed a similar pattern as ADG in Exp. 1, and no differences were measured in Exp. 2 and 3. Gain-tofeed responded quadratically when crude glycerol was added at increasing levels to diets of heifers (Parsons et al., 2009 ) but was not different when bulls had access to diets that contained increasing crude glycerol (Mach et al., 2009) . Body weight gain efficiency improved 19% when crude glycerol replaced 10% of corn in a diet for feedlot steers (Pyatt et al., 2007) .
Two of the animal experiments were done with concentrate-based diets. One experiment measured a BW gain and feed efficiency response at 10% crude glycerol inclusion, and the other measured no effect. The experiment that measured a benefit of crude glycerol addition had calves with greater daily BW gains than the experiment with no difference among treatments. It is likely that rate of BW gain influences potential for crude glycerol to elicit a beneficial response. Most important, however, is that in 2 experiments feeding a concentrate-based diet and in one experiment feeding a forage-based diet, no negative effect of crude glycerol on animal performance was measured.
Conclusion
When crude glycerol replaced corn, acetate-to-propionate ratio decreased with no production of lactate. Cattle growth performance should remain equal or potentially improve when crude glycerol replaces corn up to 20% of the diet. Crude glycerol can also be added to forage-based diets up to an inclusion level of 20% without any negative effect on growth performance.
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